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Structural phase transition accompanying with quadrupolar ordering in DyB4 with Shastry- 
Sutherland type geometrical frustration has been studied by X-ray diffraction. Previous study 
[D. Okuyama et al.\ J. Phys. Soc. Jpn. 74 (2005) 2434.] using resonant X-ray scattering revealed 
short-range ordering of the O zx -type quadrupolar moments and the c-plane component of the 
magnetic moments in addition to long-range ordering of the c-axis component of the magnetic 
moments. The present report focuses on the lattice distortion below the quadrupolar ordering 
temperature at Tn2=12.7 K. The (0 ?=integer) fundamental lattice reflection splits into four 
peaks along the h and k directions and the (h—even 0) reflection becomes broad along the I 
direction. This indicates that a structural transition from tetragonal to monoclinic takes place 
below Tn2 together with the ordering of the quadrupolar moments. 
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1. Introduction 

Magnetic materials with geometrical frustration have 
attracted interest as systems with various magnetic 
anomalies, which arise from a situation where magnetic 
order is suppressed down to very low temperatures. For 
example, CSC0CI3 and CsNiCbj with a triangular lattice 
of Ising spins exhibit an unusual antiferromagnetic state 
in which one of its three sublattices is disordered. 1 Py- 
rochlore compounds, such as Dy2Ti207 and Ho2Ti2C>7, 
do not exhibit magnetic ordering down to 0.2 K and 0.35 
K, respectively, 2-4 because coexistence of a local uni- 
axial anisotropy and a ferro-type magnetic interaction 
causes frustration and leads to spin liquid states. In the 
present report, we deal with a different type of geometri- 
cally frustrated system of DyP>4, in which Dy ions form 
a Shastry-Sutherland lattice (SSL) with both magnetic 
and quadrupolar degrees of freedom. 5 

DyP> 4 has recently been attracting interest as a sys- 
tem where quadrupolar frustration plays an important 
role. 6,7 The Dy ions are at the 4g sites of the tetrago- 
nal space group of P4/mbm: Hi = (x, x + |,0), R2 = 
(i— x, x, 0), i?3 = (— x, \—x, 0), and R4 = {\+x, —x, 0), 
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with x = 0.3175 for DyB4. The lattice constants are 
a=7.0960(4) A and c=4.0128(2) A at T=25 K. 8 Basic 
physical properties of DyB4 have been studied in de- 
tail by Watanuki et al. from the viewpoint of quadrupo- 
lar frustration. 6,8 Two phase transitions take place at 
T N i=20.3 K and T N2 = 12.7 K. Neutron powder diffrac- 
tion and an analysis of magnetization show that the mag- 
netic order in phase II (Xn2 < T < Tni) is described by 
the propagation vector fc=(l 0) with its moment along 
the c axis. It is suggested that a magnetic component 
within the c-plane appears in phase III (T < X^)- Spe- 
cific heat measurement shows that the entropy of R In 2 
and i?ln4 is released at Tn2 and Tni, respectively, with 
increasing temperature. This indicates that the ground 
state is a pseudo-quartet with two doublets closely lo- 
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Fig. 1. Models of possible magnetic and quadrupolar structures 
of DyB4 in phase II and III proposed from the results of neutron 
powder diffraction and resonant X-ray scattering. 7, 8 Arrows rep- 
resent c-axis and c-plane component of the magnetic moments. 
Ellipses with light and dark shade represent (0 2:E )-type charge 
distributions that are extended above and below the paper, re- 
spectively. The local cartesian coordinates for each Dy ions are 
taken so that x and 2 axis corresponds to the c-plane and c-axis 
magnetic component, respectively. The nearest and next-nearest 
neighbor bonds between Dy ions are indicated by the thick lines 
and dotted lines, respectively. 



cated, possessing both magnetic and quadrupolar degrees 
of freedom. Elastic constant C44, a strain susceptibility 
to a uniform distortion where Zac or Zbc is modified 
from 90° , exhibits strong softening and ultrasonic atten- 
uation takes place even in phase II, where the magnetic 
moments along the c-axis are fixed. This indicates that a 
quadrupolar degeneracy still remains and fluctuation of 
the quadrupolar moments increases in phase II. 

Magnetic and quadrupolar structures in phases II and 
III have been investigated in detail by resonant X-ray 
scattering (RXS). 7 Two possible model structures of 
these moments in phases II and III that are consistent 
with the experimental results are illustrated in Fig. 1. 
It is noted that these are single-fc structures of (10 0), 
where the unit cell is the same as that of the chemical 



2 J. Phys. Soc. Jpn. 



Full Paper 



Author Name 



0.10 




-0.10 -0.05 0.05 -0.10 -0.05 0.05 0.10 

h [A" 1 ] 




110 -0.05 0.05 -0.10 -0.05 0.05 0.10 

k [A" 1 ] 



Fig. 2. Contour maps of the intensity of the (0 8) and (10 0) 
reflections measured in the nonresonant region at E=17.48 keV. 



one. The structures consist of a long-range order of the 
antiferromagnetic moment along the c-axis ((J z )) and a 
short-range order of the magnetic component within the 
c-planc {{J :c )) and the quadrupolar moment (O zx ) that 
is compatible with (J). The short-range order observed 
by RXS and the elastic softening and absorption in phase 
II suggests that the quadrupolar moments are strongly 
correlated to exhibit short-range ordering in a very short 
time scale of RXS measurement but fluctuating slowly 
in a time scale of elastic constant measurement. This we 
consider to be due to geometrical frustration. 

In the present paper, we report on the structural phase 
transition in phase III that accompany with the O zx -type 
quadrupolar order. Peak profiles of the (1 0) forbid- 
den reflection at resonance that observes the ordcrings of 
magnetic and quadrupolar moments are also reported. 

2. Experiment 

A single crystal was grown by the floating zone method 
using a high-frequency furnace. The quality of the sam- 
ple was checked by magnetic susceptibility, which showed 
good agreement with the result in ref. 6. Experiments 
were performed using an X-ray beam from a rotating 
anode of Mo target (17.48 keV) at Tohoku University to 
study lattice distortion and using a synchrotron X-ray 
at BL-16A2 of the Photon Factory in KEK to study or- 
dcrings of magnetic and quadrupolar moments. The ex- 
periments were performed on a four-circle diffractomctcr 
using a sample with polished (0 1) and (1 0) surfaces. 

Figure 2 shows contour maps of the intensity of the 
fundamental Bragg reflections of (0 8) and (10 0). 
The single peak of (0 8) in phase I and II splits into four 
peaks along the h and k directions in phase III. The (10 
0) peak becomes slightly broad along the I direction. 
These experimental results and a survey of some other 




Fig. 3. Peak profile of the (1 2) resonant magnetic reflection 
measured at the Lm absorption edge of Dy at ^ = 0°. 



Bragg reflections, (0 4), (0 6), and (0 10), show 
that the structural phase transition is from tetragonal 
to monoclinic. The angle Zac, or Zbc, is estimated to 
be 89.84° at 9 K. The spliting of the peak is due to the 
formation of domains of the monoclinic distortion. We 
consider that the peak in (0 8) that remains at around 
the center arose from another domain in which the a-axis 
did not move but the c-axis moved, which is reflected in 
the broadening of the (10 0) peak along the I direction. 

It should be remarked that the antiferromagnetic do- 
mains with the (1 0) and (0 1 0) propagation vectors 
result in the monoclinic distortions within the be plane 
(Zbc ^ 90°) and ac plane (Zac ^ 90°), respectively. 
This is inferred from the fact that the (1 2) resonant 
magnetic Bragg peak splits only along the k direction in 
phase III as shown in Fig. 3. The peak profile along the 
h direction exhibits no difference between 16 K and 6 K. 

Figure 4 shows the temperature dependences of the 
profiles of the (10 0) resonant reflection at azimuthal 
angles of , 5=0 o and 90°. The azimuthal angle is defined 
to be zero when the c-axis is within the scattering plane. 
Obviously, the peak widths at \I/=90 o are broader than 
the resolution both for the k and I directions. In con- 
trast, the widths at ^=0° are limited by the resolution. 
An analysis of the resonant reflection in ref. 7 shows that 
the resonance at ^=0° arises from the antiferromagnetic 
ordering of (J z ) and at ^=90° from the ordering of { J x ) 
and (Ozx), because the structure factor of the resonant 
diffraction is proportional to (J z )cos^, (J x ) sin 1 ^, and 
(O zx ) sin ty. The correlation length of (J x ) and (O zx ) 
along the 6-axis estimated from the fitting of the peak 
profile along the k direction at *=90° is (1.4±0.1) x 10 3 
A at 15 K in phase II and (4.2±0.2) x 10 3 A at 7 K in 
phase III. 7 The solid and dashed lines in Fig. 4 represent 
the fitting lines convoluted with the resolution. In con- 
trast, the correlation length of (J z ) along the c-axis at 
* = 0° is (9.2 ± 0.5) x 10 3 A at 15 K in phase II and 
over 2 x 10 4 A, the resolution limit, at 7 K in phase III. 7 
It should be noted that the peak profile of the (1 0) 
reflection in phase III is little affected by the monoclinic 
distortion because the magnetic domain with the (1 
0) propagation vector is distorted within the 6c-planc. 
We consider that the broadened peak width intrinsically 
demonstrates the short-ranged correlation length of the 
order parameter. 
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Fig. 4. Resonant peak profiles of the (1 0) forbidden reflection 
at ^=0° and 90° measured at the Lni absorption edge of Dy. 
T=7 K and 15K correspond to phase III and II, respectively. 
The resolution functions represented by the thin dotted lines 
were estimated from the (2 0) fundamental Bragg reflection at 
T=15 K. Note the difference in the resolution width for cj-scans 
and x-scans. 



3. Discussion 

Let us first discuss the mechanism of the lattice dis- 
tortion. One possible scenario is that the frustration is 
released by modifying the SSL of Dy ions as a result of 
the lattice distortion. However, the uniform monoclinic 
distortion in phase III little modifies the SSL configura- 
tion within the c plane. Furthermore, the peak width of 
the (1 0) reflection at ^=90° do not diverge to the res- 
olution limit after the structural phase transition, which 
implies that the effect of frustration is still alive. For 
these reasons, this scenario is not likely to be the case. 
Another one could be that the ordering of (O zx ) moments 
induces the distortion through cooperative Jahn- Teller 
effect. The arrangements of (O zx ) as illustrated in Fig. 
1 will cooperatively favor a monoclinic distortion where 
Z6c is modified. This is consistent with the experimental 
results of X-ray diffraction in phase III and also consis- 
tent with the huge elastic softening of the C44 mode in 
phase II. Then, we consider that the monoclinic distor- 
tion is caused by the ordering of the (O zx ) moments. 

An important problem in DyB4 is why the doublet re- 
mains even below Tni where the magnetic moment along 
the c-axis is fixed. The appearance of the ordered mag- 
netic moment normally splits the quasi-quartet into four 
singlets via the Zeeman effect. However, a doublet some- 
how remains and both quadrupolar and magnetic de- 
grees of freedom survive within the c-plane. These mo- 
ments are short-range correlated in phase II as observed 
in RXS, but it is not static because there is elastic soften- 
ing and absorption. We suggest that they are fluctuating 
in the time scale of ultrasonic measurement. Below Tn2 



the correlation becomes static and the elastic softening 
stops. 

Another point of importance is that the correlation 
length do not diverge as can be observed in the peak 
profile in Fig. 4 at 7 K and , 3>=90 o . However, the corre- 
lation length of the order of 10 3 A is quite long to men- 
tion it as short-ranged. We consider that the broadened 
profile itself might be one of the characteristics of SSL. 
The sharp specific heat anomaly and the entropy release 
of R In 2 may be due to this correlation of the order of 
10 3 A. There might be a novel mechanism that prevent 
complete long-range order in the SSL of rare-earth tetra- 
borides. 

4. Summary 

We performed resonant and nonresonant X-ray diffrac- 
tion experiments in DyB4, in which the rare earth ions 
form a Shastry-Sutherland lattice. Below Tn2=12.7 K, 
the (0 8) fundamental lattice reflection splits into four 
peaks along the h and k directions in the reciprocal space 
and the (10 0) reflection becomes slightly broader along 
the I direction. These results indicate that the structural 
transition is from tetragonal to monoclinic, which is con- 
sistent with the model structure of the ordering of O zx - 
type quadrupolar moment. The correlation length of the 
magnetic and quadrupolar moments in phase II, which 
is estimated from the peak width of the (10 0) resonant 
reflection at ^=90°, is obviously shorter than the reso- 
lution limit, and do not diverge even in phase III where 
the order becomes static. 
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